The implementation of plate type ground obstacle for wake vortex dissipation in the vicinity of runway has been investigated in previous studies by our collaborators at the German Aerospace Institute (DLR) though both experimental work and Large Eddy Simulation studies. We have expended on the concept by investigating the impact of different plate configurations, in terms of shape from top-down view, on the rate of dissipation as well as the propagation speed of the instability introduced by the obstacle.
I. Introduction
The trajectory of wake vortex near the vicinity of runway is bounded by the presence of the ground and would frequent rebound back into the flight path of subsequent aircraft. As a result, the majority of wake encounter reported in the NTSB, FAA, and NASA database 1 occurs during landing and approach phase of the flight. The hazard of wake encounter could be exacerbated by the presence of crosswind such that the upwind vortex hovers over the runway and above the influence of ground induced instability; the chance of vortex encounter could also increase due to the reduced separation distance from RECAT and dynamic separation program. Previous studies on wake vortex in the vicinity of airport [2] [3] [4] [5] [6] [7] and near ground [8] [9] [10] [11] has
shown that the primary contributor of vortex breakup at low altitude is the secondary vortex structure formed by flow separation between the wake vortex and ground boundary layer.In order to increase the dissipation rate of wake vortex pair near ground, obstacles designed to trigger secondary Ω vortex were introduced by our collaborators in DLR.
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The system was refined into "Plate-Line" obstacle setup after accounting for flight safety and navigational requirements. 13 The device was further developed at Nanyang Technological University by introducing obstacles of plates arranged into different shape when viewed from above, 14 though questions has been raised regarding the contribution of the obstacle shape versus obstacle placement towards the spread of dissipation. To answer that question, investigation on the separation distance between the obstacles were conducted using the baseline flat plate setup to reduce modeling and simulation cost, with the aim of refining the obstacle design by combining the results with the result from the obstacle shape study.
II. Previous Studies
The simulation domain and initial setup of the current study is based on the water towtank measurements by DLR at Wasser Schleppkanal Göttingen (WSG), 13 which is 18m in length and 1.1m × 1.1m in cross section. The wake vortex pair was produced by dragging a DLR F 13 rectangular wing through the tank at 2.44m/s, the initial characteristic of the vortex as measured with PIV is presented in Table 1 : Table 1 . Vortex characteristics based on PIV measurements from WSG experiments.
Variable Value
Re Γ 52, 000
The accompanied LES study employed a non-dimensionalized simulation domain size defined as 8b 0 × 6b 0 × 2b 0 (Figure 1 ), though the simulation was conducted at a lower Reynolds number to better capture the formation of secondary vortex structure; higher Reynolds number would require a more refined boundary layer mesh, and could be computationally expensive. The initial characteristics of the vortex pair used for their LES study is listed in Table  2 . Table 2 . Vortex characteristics from the DLR LES study.
While the original obstacle proposed consist of a square cylinder with a cross-section area of 0.2b 0 × 0.2b 0 and the long axis across the test section perpendicular to the vortex axis, plate type obstacle with cross-section area of 0.2b 0 × 0.1b 0 (width × height) and a separation of 0.45b 0 called "Plate-Line" were used in subsequent simulations;
12, 15 the new obstacle design was to account for limitation imposed by the navigational equipment and flight safety concern, as a height of 0.2b 0 would translate to 9m in real life.
The simulation studies at NTU was largely based on the DLR study surrounding their WSG data set. The simulation domain size is identical to the LES study, while the flow characteristic and initial condition is based on the PIV measurements from Table 1 with a initial vortex height of 0.5b 0 ; this results in a higher Reynolds number comparing to the LES study by DLR. Simulations were carried out on NTU's High Performance Computing (HPC) cluster using the incompressible transient solve from OpenFOAM version 2.2.x; the validation and verification of the solver were carried out using PIV data from the WSG dataset.
14 The baseline obstacle investigated in the simulation study was based on the Plate-Line obstacle designed by DLR: the area set to 0.2b 0 × 0.2b 0 in the x-z direction a so comparison can be made to the square cylinder obstacle, and only a pair of a Based on the coordinate system defined in Figure 1 .
plates each 0.5b 0 from the center-line of the domain, i.e. directly underneath the initial lateral position of the vortex pair, were used. Two other obstacles with identical x-z area but with a different shape in top-down view, as seen in Figure 2 , were also investigated. Top view of obstacle dimensions used in previous NTU study. 14 The simulation results showed that while the shape and orientation of the obstacle have little impact on the dissipation rate at the location of the obstacle (
does have an impact on the magnitude of circulation reduction further along the vortex axial direction (x * = 3.6); this can be seen from the magnitude of circulation reduction comparing to the baseline obstacle c in Figure 3 .
Figure 3. Circulation plot with different obstacle shapes from previous NTU study. 14 
III. Simulation Setup III.A. Numerical Solver
The simulation employs the open source OpenFOAM toolbox package that was used in our previous study. The incompressible Navier-Stoke solver using PISO algorithm was used to obtain the solution, while time advancement were achieved using backward time stepping; the linear interpolation scheme were employed to handle the discretized values and the second order Gaussian Linear scheme were used to conduct differential operations. The simulation is conducted on the Nanyang Technological University High b Normalized by b 0 c Marked as "segBaff".
Power Computing center using 64 cores from the 2.93GHz Nehalem X5570 cluster with 32GB of RAM per node; the simulation could take up to 48 hours for per case.
III.B. Simulation Domain
The simulation domain was identical to the domain shown in Figure 1 , where b 0 = 0.153m. The velocity field created by the vortex was modeled using Lamb-Oseen Equation:
and unit vector were used to define the direction of rotation. The velocity fields from combined counter rotating vortex were added to the initial background velocity field, which in the current study was set to zero with no fluctuation for the sake of simplification. The initial vortex pair were placed at a height of 1 × b 0 , which is more characteristic of wake vortex at a distance of 100m before the runway threshold.
A partial simulation domain containing the obstacles and the boundary mesh attached to its top edge were constructed using ANSYS GAMBIT, which would be imported into and extruded to full height in OpenFOAM; the obstacles were simulated as zero-thickness baffles. A growth rate of 1% from the obstacle outward were used instead of uniform mesh to cut the typical mesh size to ∼ 11 million cells.
The floor, obstacles, and two side walls (normal to y vector) were set to no-slip wall boundary condition, while the top patch of the domain was set to slip wall condition; the end walls normal to the x vector were set to periodic boundary condition to prevent the formation of instability due to end wall condition.
III.C. Obstacles
While the difference in shape of obstacles resulted in different vortex dissipation behavior, especially further away from the obstacles, it was suggested by Dr. Gerz from DLR that the difference might have been caused due to the difference in individual mean y positions among the obstacle setups. To investigate how much the lateral (y) positioning of the obstacle influence the dissipation of wake vortex, a pair of baseline obstacles were placed inside the domain at with four different separation distances as shown in Figure 4 . Obstacle set with a separation distance of 0.5b 0 from the center-line is used as the baseline case in this study, as it was already studied in our previous simulations.
IV. Preliminary Results
Visualizations of the vortex pairs are presented in Figure 5 and 6 by using iso-surface of vorticity magnitude ω * = 79, where ω * = ωt 0 and t 0 = b 0 /V 0 = 3.1s. The visualization were chosen to display the onset of secondary vortex structure due to the obstacle ( Figure  5 and the separation of wake induced boundary layer sheet at the ground ( Figure 6 ) which is the source of vortex instability in the no-obstacle configuration. Also shown in Figure 6 is the wrap around of the Ω shaped secondary vortex structure (SVS) around the primary vortex, with the SVS showing an increase in size with the increasing distance between obstacle and the center-line. As the counter rotating vortex pair moves outward away from each other, obstacles positioned further away from the center-line remained in contact with the vortex flow; obstacles closer to the center-line would see little flow around it, thus creating a much smaller SVS.
Interestingly, the vorticity magnitude of the primary vortex for the obstacles positioned closest to the center-line falls below ω * = 79, and disappeared from view in Figure 6 (b) . The lower core vorticity magnitude for the 0.2b 0 case does not indicate lower circulation from the wake vortex, though, as shown below in Figure 7 . The circulation plot showed that obstacles with separation distance to center-line less than the baseline case have very little difference in performance comparing to the baseline circulation reduction. The obstacle set positioned 0.6b 0 from the center-line, on the other hand, showed improved performance comparing to the baseline obstacle; base on this result, an additional obstacle set at 0.7b 0 from center-line should be investigated. Additionally, investigation should be conducted to understand the influence of periodic boundary condition on the significantly circulation reduction at x * = 3.6, which showed a larger end-of-simulation reduction in vortex circulation comparing to the measurements taken directly above the obstacle.
V. Future Work
While the circulation data gave us a good idea of how obstacle separation affects the dissipation of wake vortex pair, it does not give us detail information on the interaction of secondary vortex structure and the main vortex flow. In the following months, efforts will be made on automation of post processing process to obtain higher axial (x-directional) resolution for primary vortex separation as well as the tracking and evaluation of secondary vortex structure.
While much is left to be desired, the simulation result does suggest that the variable that dictate the influence of obstacle position on vortex dissipation is not the separation between individual obstacles, but the relative distance between the obstacle and the touch-down location of the wake vortex. In order to ensure the effectiveness of the plate-type obstacle would require a series of obstacle that cover all possible vortex touchdown position across the landing corridor, similar to what was employed in the original DLR's plate-line research.The subsequent question to be addressed is, then, what is the concentration of obstacles that can be placed to ensure the effectiveness of the obstacle while minimizing the number of obstacles required. Additionally, simulation results from not yet published NTU simulation using CDP code that investigated the influence of cross-wind as well as similar DLR study 16 indicated that the zone that contain possible touch-down point of the vortices can be quite limited, especially if |y * | > 2.5 is considered as outside of landing corridor. These are all questions that we hope to address in the final paper.
